Abstract The objective of this study was to evaluate the effect of fly ash addition on hydraulic conductivity (k) of mine tailings. Mine tailings used in this study were categorized as synthetic tailings and natural tailings; two synthetic tailings were developed via blending commercially-available soils and natural tailings were collected from a garnet mine located in the U.S. Two fly ashes were used that had sufficient calcium oxide (CaO) content (17 and 18.9 %) to generate pozzolanic activity. Hydraulic conductivity was measured on pure tailings and fly ash-amended tailings in flexible-wall permeameters. Fly ash was added to mine tailings to constitute 10 % dry mass of the mixture, and specimens were cured for 7 and 28 days. The influence of fly ash-amendment on k of mine tailings was attributed to (1) molding water content and (2) plasticity of the mine tailings. Tailings that classified as low-plasticity silts with clay contents less than 15 % exhibited a decrease in k when amended with fly ash and prepared wet of optimum water content (w opt ). Tailings that classified as low-plasticity clay exhibited a one-order magnitude increase in k with addition of fly ash for materials prepared dry or near w opt . The decrease in k for silty tailings was attributed to formation of cementitious bonds that obstructed flow paths, whereas the increase in k for clayey tailings was attributed to agglomeration of clay particles and an overall increase in average pore size. The results also indicated that the effect of curing time on k is more pronounced during the early stages of curing (B7 days), as there was negligible difference between k for 7 and 28-days cured specimens.
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Introduction
Improving roadway construction and initiating new transportation-related construction projects requires a broad array of earthwork construction, such as road subbase and subgrade, unpaved roadways, embankments, and fills. Each of these earthwork projects requires earthen materials (e.g., soil or crushed rock) that are constructed in a manner to obtain optimal engineering performance. The reuse of industrial waste and by-products, such as mine waste (i.e., mine waste rock and tailings) and coal combustion byproducts (CCBs), has the potential to aid transportation-related construction needs while decreasing energy consumption, raw material use, and greenhouse gas emissions (Hudson-Edwards et al. 2011) . Mine operations produce considerable quantities of waste materials during ore extraction processes. Mine tailings are one of the most ubiquitous mine wastes. These materials typically are fine-grained with high water contents (low solids contents) that are disposed as slurry in impoundment facilities (Bussière 2007; Blight 2010) . The management of mine tailings can require considerable land area, present physical stability challenges related to low shear strength, and environmental contamination challenges related to acid generation (Aubertin et al. 1996; Bussière 2007) . There is increasing interest in reusing mine waste amended with cementitious materials (e.g., fly ash or cement) in earthwork construction projects due to challenges facing mine waste disposal (Misra et al. 1996; Godbout et al. 2007) .
Amended mine tailings with a cementitious binder have been used as cemented paste backfill (CPB) in underground mining to fill cavities (ranging from 15 to 40 m in lateral extent and up to 100-m tall) to enhance local and global stability. The mechanical, hydraulic, and environmental behavior of CPB has been investigated by numerous researchers (Zou and Li 1999; Belem et al. 2001; Benzaazoua et al. 2004; Fall et al. 2005 Fall et al. , 2008 Kesimal et al. 2005 ; Klein and Simon 2006; Yeheyis et al. 2009; Zhang et al. 2011; Ghirian and Fall 2015) . In general, addition of a cementitious binder can increase strength, reduce hydraulic conductivity, increase pH of the effluent, and stabilize heavy metals present in mine tailings.
The other relevant reuse application of mine tailings amended with cementitious binders is in transportation earthworks. Swami et al. (2007) and Qian et al. (2011) both report successful construction and operation of full-scale road subbases with cement-amended mine tailings. Engineering performance of the cementamended tailings was assessed via mechanical properties (e.g., unconfined compression strength and California bearing ratio); however, these studies did not report on the hydraulic properties of the amended mine tailings. The majority of research has been focused on understanding factors affecting the mechanical properties of tailings-binder mixtures (e.g., Kesimal et al. 2004; Benzaazoua et al. 2004; Fall et al. 2005; Mahmood and Mulligan 2010; Yilmaz et al. 2011) , and only a limited number of studies have focused on understanding factors affecting hydraulic conductivity of tailings-binder mixtures. Recent work has focused on the effects of water-to-binder ratio (Godbout et al. 2007; Fall et al. 2009 ) and curing time (Belem et al. 2001; Godbout et al. 2007; Fall et al. 2009; El Mkadmi et al. 2013; Ghirian and Fall 2013) on the hydraulic properties of fly ash-amended mine tailings.
Fly ash is a widely used CCB due to the pozzolanic properties of the material and ability to serve as a primary or supplemental cementitious binder (ACAA 2015) . The addition of fly ash to earthen materials has been shown effective in improving mechanical and hydraulic properties for applications in geotechnical engineering (Ferguson 1993; Ghosh and Subbarao 1998; Edil et al. 2002 Edil et al. , 2006 Bin-Shafique et al. 2004; Trzebiatowski et al. 2004; Arora and Aydilek 2005; Kim et al. 2005; Senol et al. 2006; Ahmaruzzaman 2010; Amadi 2011; Tastan et al. 2011; Phanikumar and Shankar 2016) . However, there has been limited research to evaluate the coupled effects of fly ash amendment and physical characteristics of mine tailings on hydraulic conductivity.
The objective of this study was to evaluate the effect of fly ash amendment on hydraulic conductivity of mine tailings. In particular, water content of mine tailings is a critical characteristic to evaluate as most mine tailings are generated at high water contents and subsequent dewatering techniques can be used to modify mine tailings over a broad range of water contents. Understanding how water content influences the mechanical and hydraulic properties of fly ash-amended mine tailings, and coupling this understanding to tailings and fly ash characteristics, will improve reuse potential of these materials in earthwork construction.
Background
Schematics of binder-amended and non-binder amended soil or tailings with coarser and finer particle-sizes are shown in Fig. 1 . The presence of a cementitious binder (e.g., fly ash or cement) results in formation of calcium silicate hydrate and calcium aluminate silicate hydrate gel (i.e., cementitious bonds) between soil or tailings particles (Paulini 1990; Tastan et al. 2011) . Total porosity and poresize distribution are key parameters that control hydraulic conductivity (k) of porous materials. In coarser-grained, unamended materials (Fig. 1a) , larger pore spaces (macro-pores) between adjacent particles provide an enhanced ability to convey fluid relative to finer-grained, uncemented materials that have smaller pore sizes (micro-pores).
The formation of cementitious bonds creates new solid material within a binder-amended soil or tailings specimen (Fig. 1b) that has the potential to decrease or increase k. For fine-grained materials containing clay, the formation of cementation products will agglomerate clay particles into a cluster known as ''clay agglomeration.'' The agglomeration of clay particles increases the average pore size to create a macro-pore structure (Fig. 1b) , which causes an increase in k (Tay and Goh 1991) . For coarse-grained materials and nonplastic fines, the formation of cementation products will bind solid particles together, which can decrease the average pore size and develop additional micropore structure (Fig. 1b ) that decreases k (Quang and Chai 2015) . Key factors that have been shown to influence k of tailings-binder mixtures include (1) water-to-binder (W/B) ratio, (2) binder content, and (3) curing time. Bin-Shafique et al. (2004) investigated the effect of water content on reactivity of fly ash-amended silty soils and reported the highest cementitious activity and strength gain for specimens compacted at optimum water content (w opt ) with no delay in hydration and 1 % wet of w opt for specimens compacted 2 h after hydration. Excess water present in the fly ashamended soils that does not participate in cementitious based on a soil matrix that is either coarser-grained and/ or non-plastic or finergrained and containing clay particles (i.e., exhibits some plasticity)
Geotech Geol Eng (2017) 35:243-261 245 bond formation was reported to increase porosity and create a larger pore-size network that increased k. Similarly, Fall et al. (2009) conducted experiments on silty tailings-cement mixtures with three W/Bs (i.e., cement content = 5 % and water contents = 23, 34, and 45 %) and reported that excess available water can increase k by approximately one order of magnitude. Cementitious binders can be non-reactive in clayey specimens compacted dry of w opt , because most of the water adsorbs to clay particles and leaves limited available water to react and generate cementitious bonds. Godbout et al. (2007) evaluated the effect of different binder contents (1 and 4.5 %) on k of mine tailings (82 % silt) prepared at a constant water content (w = 32 %). A larger reduction in k was measured for the higher binder content, which was attributed to enhanced microstructure development with formation of cementitious bonds that reduced void volume and obstructed the flow paths. Xenidis et al. (2002) also investigated the effect of varying fly ash addition (10, 18, 31, and 63 %, by dry mass) on k of sulfate-rich tailings prepared at constant water content. Hydraulic conductivity decreased three orders of magnitude with an increase in fly ash content from 0 to 63 %, due to more cementitious bonding that enhanced blockage of flow paths through the amended specimens.
In contrast, Goh and Tay (1993) reported that an increase in binder content mixed with soft marine clay (primarily kaolin) increased k by three orders of magnitude. In a similar study, Deb and Pal (2014) reported that k of silty clay soil increased up to 20 times with an increase in fly ash content from 0 to 30 % when prepared w opt . Similar effects of binder addition on k of marine clay have also been reported by Show et al. (2003) . These studies attributed the increase in k of fly ash-amended clayey soils to (1) agglomeration of clay particles, (2) binder hydration and cementation on the overall soil structure, and (3) an increase in overall particle size due to adding rounded, silt-size fly ash particles. Results in Goh and Tay (1993) suggest that clay agglomeration is the dominant mechanism contributing to an increase in k.
The effect of curing time has been evaluated by Belem et al. (2001) , Godbout et al. (2007) , and Fall et al. (2009) . These researchers used a broad range of materials and binders to evaluate whether longer binder hydration times led to changes in k. All researchers reported that k changed relative to the unamended materials during the first 7 days of hydration and subsequent increases in hydration time yielded negligible effect on k due to near complete binder hydration within 7 days.
Materials and Methods
Materials
Mine Tailings
Two types of tailings were used in this study: (1) one type of natural mine tailings and (2) two synthetic tailings. Natural and synthetic tailings were used to develop comparisons with literature on fly ashamended tailings and soils that are used beneficially in earthwork construction applications. Commercially-available soils were used to create two synthetic mine tailings that represent typical particle-size distributions (PSDs) and plasticity of actual hard-rock mine tailings. Natural tailings were collected from a garnet mine located in New York, USA. Garnet tailings were separated into fine and coarse fractions at the mine using a hydrocyclone for subsequent reuse in mine site earthworks (e.g., tailings dams). The fine fraction (i.e., fine-garnet) of the bulk mine tailings was used in this study. A compilation of relevant characteristics for the tailings is in Table 1 . Geotechnical characterization of synthetic tailings included mechanical sieve and hydrometer (ASTM D422, ASTM 2007), Atterberg limits (ASTM D4318, ASTM 2014a), specific gravity (ASTM D854, ASTM 2014b), and standard-effort compaction (ASTM D698, ASTM 2014c). Physical characterization of natural (fine garnet) tailings was adopted from Jehring and Bareither (2016), with exception of compaction parameters.
The average, upper-bound, and lower-bound PSDs based on a compilation of eight hard-rock mine tailings from literature are shown in Fig. 2 . Two types of synthetic tailings were used in this study: (1) fine synthetic tailings-created to represent the upperbound PSD and (2) average synthetic tailings-created to represent the average PSD (Fig. 2) . The PSDs in Fig. 2 indicate that close replication was achieved for both synthetic mine tailings. These synthetic tailings were created via mixing angular sand from road base material with a maximum particle diameter of 2 mm, silica silt (US silica, USA), and kaolin (Thiele Kaolin Company, USA). The use of synthetic mine tailings was to control material variability (e.g., mineralogy, pore fluid chemistry, angularity) and capture a range in geotechnical characteristics.
Fly Ash
Two types of fly ash were used in this study. Table 2 . The XRF analysis of FA-A was performed with a Philips 1600/10 Simultaneous Wavelength Dispersive Unit by Mineralogy-INC (Tulsa, Oklahoma, USA), whereas XRF information for FA-B was obtained from the power plant. Fly ashes were classified based on ASTM C618 (ASTM 2015) and Tastan et al. (2011) , and both classified as offspecification (off-spec) fly ash. The off-spec designation only means that the fly ashes do not formally classify as either Class C or Class F, and off-spec fly ashes can yield effective self-cementing behavior. Lime (CaO), which is a primary component responsible for cementitious reactions, accounted for 17 % of FA-A and 18.9 % of FA-B (Table 2) . Janz and Johansson (2002) introduced the CaO-toSiO 2 ratio as a potential indicator for cementitious bond formation, whereby an increase in this ratio corresponds to a material with enhanced cementitious potential. For FA-A, the CaO-to-SiO 2 ratio was 0.86, which was higher than the CaO-to-SiO 2 ratio (0.41) in FA-B. Tastan et al. (2011) reported that the highest pozzolanic behavior of fly ashes used in their study was observed for CaO-to-SiO 2 ratios between 0.5 and 1.0. Thus, the potential to form cementitious bonds for FA-A was anticipated to be more pronounced relative to FA-B based on the CaO-to-SiO 2 ratio.
Mixtures of Tailings and Fly Ash
Tailings typically are generated at low solids content (SC = solid mass/total mass) ranging from 25 to 45 % as a function of ore processing. These low SC tailings can be dewatered to reclaim water for subsequent ore processing as well as create materials that are more geotechnically stable for final disposal in tailing impoundments or for use in earthwork construction applications. Bussière (2007) identified three ranges of SCs that correspond to different levels of tailings dewatering: (1) thickened tailings-SC ranging from 50 to 70 %, (2) paste tailings-SC ranging from 70 to 85 %, and (3) filtered tailings-SC greater than 85 %. Synthetic and natural tailings were mixed with tap water to create mixtures with target SCs of 70, 80, and 90 %, which corresponded to approximate initial water contents (w i ) of 40, 25, and 11 %, respectively. Chemical characteristics of the tap water used in all mixtures were pH = 6.9 and electrical conductivity (EC) = 13 mS/m. The SCs used in this study were selected to provide a range of potential dewatering levels at a given mine as progressive dewatering from thickened to paste to filtered tailings requires additional time, energy, and economic investment. Fly ashamended natural and synthetic tailings were created with fly ash contents of 10 % on a dry mass basis. This fly ash content was adopted based on Edil et al. (2002) who report that 10 % fly ash amendments are common in field-construction. Thus, the range of SCs selected for this study combined with a single, relevant percent fly ash amendment yielded target W/B ratios of 1, 2.5, and 4. This variability in specimen properties was selected to evaluate the effect of tailings dewatering levels and tailings composition on hydraulic conductivity of fly ash-amended materials.
All pure tailings and fly ash-amended hydraulic conductivity specimens were prepared initially from dry tailings. Synthetic tailings were prepared to the target PSD (Fig. 2 ) in a dry state and natural tailings were air-dried and ground with a rubber pestle to break all clods. Fly ash-amended tailings mixtures were first mixed dry with the appropriate percent contribution of fly ash and then mixed with tap water (Senol et al. 2006 ) in a 20-L bucket and allowed to hydrate for 2 h. This procedure was used to simulate a typical duration between hydration and compaction in field-scale construction Senol et al. 2006) . Additionally, ACAA (2003) specifies a maximum elapsed time of 2 h between moistening a soil-fly ash mixture and compaction. Following compaction or placement of fly ash-amended tailings in the PVC molds, the entire mold and specimen were sealed in polyethylene bags and allowed to cure for 7 or 28 days prior to testing. Curing was completed in a room with 100 % relative humidity and temperature of 21°C in accordance with prior research (Mohamed et al. 2002; Bin Shafique et al. 2006; Edil et al. 2006; Senol et al. 2006; Godbout et al. 2007 ).
Compaction Tests
Compaction tests were completed on all three tailings in accordance with standard-effort compaction procedures in 101.6-mm-diameter compaction molds (Method B in ASTM D698, ASTM 2014c). The maximum dry unit weight (c dmax ) and optimum water content (w opt ) for each unamended tailings are in Table 1 . These properties were determined via fitting a 3rd-order polynomial to the compaction curves in accordance with Howell et al. (1997) . Compaction characteristics for the unamended tailings exhibit anticipated effects of material composition on c dmax and w opt , whereby an increase in sand and silt content and corresponding decrease in plasticity shifted compaction curves to higher c dmax and lower w opt (Holtz et al. 2011). The higher c dmax for natural tailings relative to both synthetic tailings was also due to a higher G s (Table 1) . A series of compaction tests using the natural tailings was completed with varying fly ash amendment of FA-A to assess how fly ash amendment influences c dmax and w opt . Compaction curves for natural tailings and natural tailings amended with 5, 10, and 15 % FA-A (based on dry mass) are shown in Fig. 3 . Compaction curves for the fly ash-amended natural tailings all plot slightly to the right of the pure natural tailings (Fig. 3) , suggesting that a modest increase in w opt may be anticipated with addition of fly ash. However, there was no clear trend between increasing fly ash content and c dmax or w opt .
Hydraulic Conductivity Experiments
Hydraulic conductivity tests were conducted on pure tailings and fly ash-amended tailings. Hydraulic conductivity was measured in flexible-wall permeameters using a constant head method (Method A) in accordance with ASTM D 5084 (ASTM 2010). A schematic of a hydraulic conductivity setup is shown in Fig. 4 . Each experimental setup consisted of a permeameter, headwater (influent) accumulator, tailwater (effluent) accumulator, and an elevated water reservoir to control cell pressure. A manifold was connected to the elevated reservoir such that multiple permeameters could be pressurized with the same cell pressure.
Cell pressure was controlled via the water level within the reservoir (Fig. 4 ) and set at a target pressure of 15 kPa to simulate anticipated near surface field conditions in transportation earthwork projects (Ghosh and Subbarao 1998; Bin-Shafique et al. 2004 ). Headwater and tailwater accumulators used for measuring influent and effluent volumes consisted of 38-mm inner diameter clear acrylic tubes with platens and O-rings at each end. Constant head loss across a given specimen was maintained via a Mariotte tube in the headwater accumulator and an elevated exit tube in the tailwater accumulator (Fig. 4) . The hydraulic gradient was approximately 10 (head loss &1.3 m) in all experiments. This hydraulic gradient was in agreement with ASTM D5084 (ASTM 2010) based on an assumed k of 10 -7 -10 -9 m/s for the pure tailings. The hydraulic gradient in transportation earthwork applications is expected to be approximately 1.0; however, a larger hydraulic gradient was used to decrease test duration.
Hydraulic conductivity tests on tailings and tailings amended with fly ash were performed in 101.6-mmdiameter flexible-wall permeameters. Tap water (EC = 13 mS/m and pH = 6.9) was used within the permeameters to apply cell pressure as well as the permeant fluid to represent field conditions (Ghosh and Subbarao 1998; Fall et al. 2009 ). Environmental compatibility of leachate from mine tailings and fly ash mixtures was also evaluated on the effluent water (Alhomair 2016 ), but is not included herein. Visible air bubbles were flushed from the drainage tubes prior to testing and permeation was conducted upward through the specimen to aid in removing entrapped air bubbles. Backpressure was not applied to represent field conditions ), but final saturation was computed following completion of all tests. Filter paper and porous stones were placed on the top and bottom of a specimen. All porous stones were soaked in tap water and all specimens were separated from the cell pressure fluid via conventional latex membranes sealed with O-rings.
Permeation of a given hydraulic conductivity specimen was executed until the following (1) ratio of effluent volume to influent volume (V out /V in ) was between 0.75 and 1.25 and (2) k was within ±25 % of the geometric mean k for k C1 9 10 -10 m/s. The majority of the specimens were permeated until net outflow equated at least three pore volumes of flow (PVF), with exception of specimens prepared with fine synthetic tailings that necessitated longer testing times due to lower hydraulic conductivity (\1 9 10 -9 m/s) of the kaolin clay. The pore volume of a given specimen was determined with respect to the porosity achieved during specimen preparation. Testing times were extended after meeting ASTM termination criteria to evaluate if temporal trends existed for k. After terminating a given experiment, final water content measurements were conducted. The computed final degree of saturation (S f ) was between 90 and 99 % for the majority of the test specimens. In certain cases, saturation criteria were not met (i.e., some specimens yielded S f \95 % or S f [105 %). However, all experiments were conducted in the same manner and all specimens are considered sufficiently saturated to yield representative hydraulic conductivity values.
Hydraulic conductivity specimens consisting of tailings alone and fly ash-tailings mixtures were prepared in 101.6-mm-diameter by 116.4-mm-tall PVC molds. All materials were prehydrated and then either compacted or poured into the PVC molds depending on consistency of the material; lower SC specimens were slurry materials and were poured into the molds, whereas higher SC specimens were soillike and were compacted with standard-effort energy (ASTM D698, ASTM 2014c). The PVC molds containing slurry materials were vibrated following deposition of the slurry to promote air removal and increase specimen density. The inner sidewall of the PVC molds was lubricated with Vaseline Ò prior to specimen preparation to reduce friction and help facilitate extrusion of the specimens following curing (Jiang et al. 2016) . All specimens had height-to- Fig. 4 Schematic of the hydraulic conductivity test setup diameter ratios (H/D) of approximately 1.0, which was in agreement with hydraulic conductivity testing recommendations in Daniel (1994) .
Pure tailings specimens at low solids contents (i.e., average synthetic and natural tailings at SC = 80 and 70 %, and fine synthetic tailings at SC = 70 %) exhibited slurry consistency and were not possible to test in flexible-wall permeameters because the slurried specimens slumped following removal of a split mold. Therefore, a technique was adopted from Malusis et al. (2009) whereby an acrylic cylinder was placed on the outside of the flexible membrane to avoid slumping of the slurried specimens via providing rigid lateral support for the soft material. A smaller flexible-wall specimen, with length and diameter = 71.1 mm, was used to accommodate the acrylic mold. A small annulus between the inside of the acrylic mold and latex membrane of the test specimen allowed pressurized water to be in direct contact with the flexible membrane encasing the test specimen such that these slurried specimens were subjected to the same 15 kPa confining pressure as the conventional flexible-wall specimens.
A check on k measured with this alternative technique was conducted using average synthetic tailings at a SC = 90 %. The k measured in the 101.6-mm-diameter flexible-wall permeameter was 5.6 9 10 -8 m/s and k measured in the 71.1-mmdiameter flexible-wall apparatus with external acrylic mold was 5.7 9 10 -8 m/s. Thus, k determined with this alternative hydraulic conductivity measurement technique was assumed equivalent to k measured in the larger diameter flexible-wall permeameters and are compared directly to each other in this study.
Results
The results of all hydraulic conductivity tests conducted on unamended and fly ash-amended average synthetic, fine synthetic, and natural tailings are in Table 3 . The initial and final void ratios (e i and e f ), water contents (w i and w f ), and degree of saturations (S i and S f ) are provided for all test specimens. In some cases, S f was greater than 100 %, which is not reasonable. These high values of S f resulted from difficulty in accurately measuring total volume of some specimens after disassembling the test cells. However, specimens with S f [100 % were assumed fully saturated. A compilation of all experimental data from the hydraulic conductivity tests as well as effluent leachate chemistry is in Alhomair (2016) .
Hydraulic Conductivity Testing
Temporal trends of k and V out /V in for unamended average synthetic, fine synthetic, and natural tailings prepared at a SC & 90 % (w i & 11 %) are shown in Fig. 5 . Minor fluctuations in k and V out /V in were observed in the early stages of testing, and both parameters subsequently stabilized. All specimens met ASTM D5084 termination criteria and were subsequently permeated several additional PVFs to evaluate any temporal trends in hydraulic behavior. The k for each tailings specimen reported in Table 3 are representative of the last four consecutive k measurements for a given experiment. As shown in Fig. 5 , ASTM termination criteria were met prior to terminating a given experiment and evaluation of a final average k. In all experiments, the difference between the final average k and k based on ASTM termination criteria was less than ±1 9 10 -9 m/s, and equal to 1 9 10 -10 m/s (10 %), on average. Thus, the final average k of each experiment was adopted herein as the representative k for each material tested in this study.
Hydraulic Conductivity of Fly Ash-Amended Tailings
The hydraulic conductivity of synthetic and natural tailings-fly ash mixtures were evaluated using three SCs to represent three levels of tailings dewatering (i.e., SC & 70, 80, and 90 %, which coincided approximately with target w i & 40, 25, and 11 %, respectively) and all were amended with 10 % fly ash based on dry mass. These test specifications resulted in target W/Bs of 1, 2.5, and 4. Compilations of k versus initial molding water content (w i ) for average synthetic, fine synthetic, and natural tailings are shown in Fig. 6 . The w opt identified in Fig. 6 are representative of unamended tailings (Table 1) . Bin-Shafique et al. (2004) and Deb and Pal (2014) reported no difference in w opt between binder-amended and non-binder amended silty clay soils, and Lee et al. (2014) reported a modest decrease in c dmax and w opt with addition of fly ash to silty tailings. Thus, for practical purposes w opt from unamended tailings and were taken as approximate w opt for the fly ash-amended tailings based on literature and the compaction evaluation in Fig. 3 . Data in Fig. 6 include tailings amended with FA-A and FA-B and specimens cured for 7 and 28 days. The k versus w i of all unamended tailings (synthetic and natural) exhibited anticipated behavior relative to w opt . Hydraulic conductivity of the average synthetic tailings (Fig. 6a ) and fine synthetic tailings (Fig. 6b) decreased when transitioning from a dry to wet of w opt condition, which is consistent with an enhanced ability to remold clods with an increase in water content (Mitchell et al. 1965; Benson and Daniel 1990; Daniel and Benson 1990 ). This remolding results in a more micro-pore dominated structure with increased tortuosity (Shackelford and Moore 2013) that decreases k. Subsequent increase in w i for average and fine synthetic tailings from 25 to 40 % increased void ratio of the tailings and increased k (Table 3) .
A similar effect of increasing k with continuous increase in w i and e i can be observed for natural tailings in Fig. 6c . The low water content, unamended natural tailings specimen (w i & 11 %) was compacted slightly wet of w opt , which yielded the lowest k. Subsequent increases in w i increased e i from 0.57 to 0.63 and 0.65 (Table 3) and yielded a corresponding increase in k. Thus, variability in k of the unamended tailings can be explained via anticipated effects of molding water content on hydraulic conductivity.
The effect of fly ash-amendment on k of mine tailings was dependent on (1) the initial molding water content of the mixture (w i ) and (2) solid particle composition of the tailings. The first mechanism is identical to the effect of w i on k described for the unamended tailings. The range of w i for the fly ashamended tailings coincided with mixtures that were prepared dry of w opt , near w opt , or wet of w opt . The effect of w i relative to w opt on k differed between the tailings that were low-plasticity silts (i.e., average synthetic tailings and natural tailings) and the tailings that classified as a low-plasticity clay (i.e., fine synthetic tailings). Mechanistic effects on k were evaluated via these two factors as well as the W/B of the as-prepared tailings-fly ash mixture.
Low-Plasticity Silt Tailings
The k versus w i relationships for the four different fly ash-amended average synthetic tailings are shown in Fig. 6a . These four fly ash treatments corresponded to two different types of fly ash (FA-A and FA-B) and two curing times (7 and 28 days). In general, the k versus w i trends for all four fly ash treatments exhibited a similar trend to the unamended tailings. Hydraulic conductivity decreased when water content increased from dry to wet of optimum, and subsequent increase in water content increased k. Additionally, there were no distinct differences between the trends or magnitude of k for the four different fly ash treatments.
The k versus w i relationships for the four different fly ash-amended natural tailings are shown in Fig. 6c . All four fly ash-amended specimens at w i & 11 % can be assumed compacted very near to w opt based on w opt of unamended natural tailings of 10 % and modest increase in w opt for natural tailings amended with 10 % fly ash (Fig. 3) . The two higher w i (&25 and 40 %) corresponded to conditions considerably wet of w opt . Similar to the unamended tailings, all k measurements for the fly ash-amended natural tailings were Subscript i identifies initial conditions after preparation of unamended specimen and after curing for amended specimen; subscript f identifies final conditions after hydraulic conductivity testing W/B Water-to-binder ratio; e void ratio; w water content; S degree of saturation; k ave arithmetic average of the last four hydraulic conductivity measurements Geotech Geol Eng (2017) 35:243-261 253 lowest for specimens compacted near w opt and k increased with increasing water content (Fig. 6c) . The synthetic average tailings included 13 % claysized particles but exhibited no plasticity (Table 1 ). The natural tailings had a lower clay content (6.6 %) and negligible plasticity. Thus, in the average synthetic tailings and natural tailings the clay-sized particles were primarily non-clay minerals and both can be referred to as silty tailings. The effect of fly ash amendment on k was similar for the average synthetic tailings and natural tailings, which was attributed to similarity in tailings particle characterization.
A relationship between k of the fly ash-amended tailings (k B ) normalized to the k of unamended tailings (k 0 ) versus W/B for all experiments conducted in this study is shown in Fig. 7a . The normalized k (i.e., k B /k 0 ) for the average synthetic and natural tailings (i.e., silty tailings) exhibit scatter about k B /k 0 & 1.0 for W/B & 1 and k B /k 0 were all less than 1.0 for W/B & 2.5 and 4 (Fig. 7a) . The average synthetic tailings prepared at w i & 11 % (SC & 90 %; W/B & 1) were prepared approximately 5 % dry of w opt and natural tailings prepared at the same initial conditions were approximately at w opt . The limited influence of fly ash on k of the average synthetic and natural tailings at w i & 11 % was attributed to the low-reactivity of fly ash hydration to generate cementitious bonds as both tailings and fly ash particles competed for the limited available water (Bin- (Fig. 6a, c) . Additionally, in both tailings k reduced more for specimens prepared at w i & 25 % (W/B & 2.5) compared to specimens prepared at w i & 40 % (W/B & 4). Hydraulic conductivity of the fly ash-amended average synthetic tailings decreased, on average, by a factor of 3.0 for specimens prepared at W/B & 2.5 and by a factor of 1.8 for W/ B & 4 (Fig. 7a) . Larger reductions of approximately 5.0 and 2.0 were observed for natural tailings prepared at W/B & 2.5 and 4, respectively (Fig. 7a) . This reduction in k was attributed to development of cementitious bonds that likely decreased the pore size distribution and/or increased tortuosity. The smaller reduction in k for the average synthetic and natural tailings at W/B & 4 (i.e., highest w i & 40 %) was attributed to reduced effectiveness in cementitious bond formation due to an increase in available water and increase in spacing between the particles (i.e., higher e i ).
A compilation of k B /k 0 versus W/B for fly ashamended materials from literature are shown in Fig. 7b . Data compiled from literature were separated with respect to silty and clayey materials (i.e., tailings or soil) identified in this study. Similar trends in the effect of fly ash-amendment on k of low-plasticity silty materials are observed in data from Godbout et al. (2007) and Fall et al. (2009) , whereby the addition of fly ash typically decreased k.
The development of cementitious bonds for the aforementioned fly ash-amended synthetic average tailings and natural tailings specimens was qualitatively confirmed via the ability to extrude intact specimens following curing, whereas the unamended tailings were slurry and non-self-supporting. An increased stiffness of the fly ash-amended specimens via cementitious bond formation was also supported by the relative change in void ratio of the unamended and amended specimens as shown in Fig. 8 . The change in void ratio (-De) was computed as the difference between final void ratio at the end of a given hydraulic conductivity test (e f ) and initial void ratio for the as-prepared specimens (e i ). The -De increased for all silty tailings specimens with an increase in w i . The -De for the unamended average synthetic (Fig. 8a ) and natural tailings (Fig. 8c ) decreased with addition of fly ash for all specimens prepared at w i & 25 %. This reduction in -De was attributed to increased specimen stiffness due to cementitious bond formation.
The reduction in -De for both unamended silty tailings specimens prepared at w i & 40 % was more pronounced for specimens amended with FA-A versus FA-B (Fig. 8a, c) . Fly ash A had a larger CaO/SiO 2 ratio and was anticipated to have more pozzolanic potential and be more effective in development of cementitious bonds. This enhanced pozzolanic potential of FA-A versus FA-B is supported by the lower -De at higher w i of the silty tailings.
Low Plasticity Clay Tailings
The relationships between k versus w i for the four different fly ash-amended fine synthetic tailings are shown in Fig. 6b . These k versus w i relationships exhibit similar trends to the unamended tailings, whereby a reduction in k was observed for all fly ash treatments when w i increased from 11 to 25 %. This reduction was attributed to more effective remolding of tailings and fly ash clods as water content shifted from a dry of w opt to wet of w opt condition (Mitchell et al. 1965; Benson and Daniel 1990; Daniel and Benson 1990) . A subsequent increase in k from w i & 25 % to w i & 40 % was observed for all fly ash treatments except FA-A cured for 28 days. This increase in k was attributed to an increase in overall specimen void ratio with an increase in molding water content ( Table 3) . The continued decrease in k for the fine synthetic tailings specimen amended with FA-A and cured for 28 days may be due to more effective development of cementitious bonds with additional curing time. However, a definitive reason for this trend relative to the other fly ash-amended materials was not identified.
All k B /k 0 for the fly ash-amended fine synthetic tailings were greater than 1.0 and indicate that the addition of fly ash to clayey tailings resulted in an increase in k relative to an unamended condition (Fig. 7a) . This effect of fly ash amendment on k of clayey tailings was attributed to agglomeration of clay particles via addition of a cementitious binder that likely decreased tortuosity and increased k. The ratio of k B /k 0 was approximately 10 for w i & 11 and 25 %, and reduced to 3.4, on average, with an increase in w i to 40 %. The one exception was for the fine synthetic tailings at W/B & 1, amended with FA-A, and cured for 28 days, which did not exhibit as a pronounced increase in k as the other tailings with addition of fly ash. Thus, the effect of fly ash-amendment on k of clay-rich tailings diminished with an increase in water content wet of w opt . This behavior is similar to that observed for silty tailings, and can be attributed to larger void ratios and larger pore spaces with additional water present that reduced effectiveness of cementitious bonds to reduce k relative to an unamended condition. Similar observations on the effects of cementitious binder addition and agglomeration of clay particles have been reported in literature as shown in Fig. 7b .
The development of cementitious bonds in the fine synthetic tailings was qualitatively supported by the ability to extrude intact, fly ash-amended specimens for mixtures prepared at w i & 40 %, whereas the unamended material was slurry and non-selfsupporting. The reduction in -De of the fine synthetic tailings was negligible for all amended and unamended specimens prepared at w i & 11 and 25 % (Fig. 8b) . The absence of volume change following application of a 15 kPa confining pressure was due to specimen preparation dry and near w opt , which corresponds to molding water contents that typically yield high strength (e.g., Mitchell et al. 1965) . However, the -De for fine synthetic tailings specimens prepared at w i & 40 % was lower for specimens amended with fly ash relative to the unamended tailings (Fig. 8b) . Additionally, for a given curing time (7 or 28 days) specimens amended with FA-A yielded lower -De relative to specimens amended with FA-B, which agrees with observations made for silty tailings and further supports that FA-A was more effective in generating cementitious bonds relative to FA-B.
Evaluation of Curing Time and Fly Ash Type
A comparison between k of fly ash-amended tailings cured for 28 days versus 7 days is shown in Fig. 9a and a comparison between k of tailings amended with FA-B versus FA-A is shown in Fig. 9b . These 1:1 plots include both synthetic and natural tailings. In general, all data points in Fig. 9a , b plot near the 1:1 lines and there is no discernable impact of either curing time or fly ash type on k of the fly ash-amended tailings evaluated in this study.
The negligible effect of an increase in curing time from 7 to 28 days on k of fly ash-amended tailings was anticipated based on findings reported in literature (Belem et al. 2001; Godbout et al. 2007; Fall et al. 2009 ). The limited influence of curing time was attributed to the majority of cementitious bond formation occurring within the first 7 days following hydration. Subsequent increases in curing time yielded limited further development of cementitious bonds, and thus, limited change in hydraulic conductivity.
The negligible effect of fly ash type on k was not anticipated, as past research has demonstrated a greater reduction in k of binder-amended materials via enhanced development of cementitious bonds (e.g., Godbout et al. 2007) . A comparison between CaO/SiO 2 for FA-A (0.86) versus FA-B (0.41) suggests that FA-A was a more effective cementitious binder based on observed pozzolanic activity by Tastan et al. (2011) for fly ash with CaO/SiO 2 between 0.5 and 1.0. Additionally, less volume change occurred for high water content specimens following application of the 15 kPa confining pressure for tailings amended with FA-A (Fig. 8) . Although FA-A had more favorable cementitious characteristics and was observed to lead to stiffer specimens, there was no distinguishable effect of fly ash type on k of the amended tailings.
Practical Implications
Soil-binder mixtures can be used in variety of applications including flowable fill for earthwork applications and underground mining, embankments, and road base and subbase materials. Soils amended with binders should meet specific mechanical, hydraulic, and in some cases environmental criteria for each application. A summary of hydraulic criteria (i.e., required hydraulic conductivity) for earthwork applications is in Table 4 . The hydraulic conductivity of synthetic and natural tailings amended with fly ash ranged between 10 -9 to 10 -7 m/s. Thus, in general, the hydraulic conductivity measured on the fly ashamended synthetic and natural tailings meet acceptability criteria for earthwork construction applications.
Binder amendment to silty tailings caused a decrease in k when sufficient water was available to facilitate cementation reactions. In contrast, binder amendment to clayey tailings caused an increase in k. Neither of these effects on k is detrimental to the applicability of fly ash-amended tailings in earthwork applications. In addition, factoring in the increase in stiffness with fly ash amendment for higher initial water content, the ability to gain strength and have sufficient k to fit within the hydraulic criteria compiled in Table 4 are beneficial attributes.
Conclusions
Hydraulic conductivity (k) tests were conducted on synthetic and natural mine tailings amended with fly ash to evaluate the effect of fly ash addition on hydraulic conductivity of mine tailings. Hydraulic conductivity tests were conducted on (1) pure tailings and (2) fly ash-amended tailings in flexible-wall permeameters. Experimental results of fly ashamended tailings were evaluated with regards to k to identify potential reuse applications in transportationrelated earthwork projects and other geotechnical engineering projects.
The following conclusions were drawn from this study.
• Hydraulic conductivity of all unamended and fly ash-amended mine tailings exhibited anticipated trends with initial molding water content (w i ). A decrease in k was observed with an increase in w i for conditions dry of optimum water content (w opt ), whereas k increased with an increase in w i wet of w opt .
• The k of fly ash-amended average synthetic and natural tailings (i.e., low-plasticity silts) decreased two to five times relative to unamended tailings for specimens wet of w opt , whereas k of amended tailings was approximately equal to k of unamended tailings when specimens were prepared dry or near w opt . The reduction in k was attributed to the formation of cementitious bonds and decreased average pore size.
• The k of amended fine synthetic tailings (i.e., lowplasticity clay) increased approximately 10 times the k of unamended tailings when prepared dry or near w opt . This increase in k reduced with an increase in w i wet of w opt . The increase in k was attributed to agglomeration of clay particles and increased average pore size.
• The k of fly ash-amended tailings cured for 7 and 28 days were approximately equal, and agree with past research that indicates there is negligible influence on k of fly ash-amended tailings and soils with an increase in hydration time from 7 to 28 days.
• There was negligible influence of type of fly ash on k of amended-tailings. However, tailings amended with FA-A exhibited lower total volume change during application of a 15-kPa confining stress, which suggests that FA-A yielded a stiffer material and was more effective in generation of cementitious bonds.
• The k of low-plasticity silt tailings-fly ash mixtures at all W/Bs met hydraulic criteria for reuse as a base layer, sub-base layer, and embankment fill. The k of low-plasticity clay tailings-fly ash mixtures at W/B & 2.5 and 4 met hydraulic criteria for reuse in a sub-base layer, and for flowable fill at W/ B & 1.
